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Abstract – Extensive efforts have been made experimentally to reach nuclei in the super heavy
mass region of Z = 110 and above with suitable choices of projectile and target nuclei. The
cross sections for production of these nuclei are seen to be in the range of a few picobarn or
less, and pose great experimental challenges. Theoretically, there have been extensive calculations
for highly asymmetric (hot-fusion) and moderately asymmetric (cold-fusion) collisions and only
a few theoretical studies are available for near symmetric collisions to estimate the cross sections
for production of super-heavy nuclei. In the present article, we revisit the symmetric heavy ion
reactions with suitable combinations of projectile and target nuclei in the rare-earth region, that
will lead to compound systems with very low excitation energy and with better neutron-to-proton
ratio for higher stability.
Introduction. – An island of super heavy nuclei,
with half lives ranging from a few seconds to a few thou-
sands of years has been predicted by calculations based on
macroscopic-microscopic theories [1–5]. The large stabil-
ity arises due to strong shell effects in the range of proton
numbers (Z = 114 - 126) and neutron numbers (N = 170
- 188), which in turn gives rise to large fission barriers (5
- 8 MeV) in this mass region. There have been extensive
efforts experimentally to synthesize super-heavy elements
(SHE) through heavy ion reactions with suitable choice
of projectile and target nuclei. However, the compound
nuclei are formed in the excitation energy of few tens of
MeV, and due to washing out of shell effects with increas-
ing excitation energy, the production cross sections are
usually quite low (in the range of picobarn or less) for
compound nuclei with Z = 110 and above. Nevertheless,
nuclei with Z up to 118 have been synthesized in labora-
tory by various experiments so far [6–16]. The two main
routes followed are: ‘hot fusion’ with actinide target nuclei
and highly asymmetric reaction channels [6–13], and ‘cold
fusion’ with Pb, Bi target nuclei with moderately asym-
metric reaction channels [14–16]. In all these experiments,
the compound nucleus (CN) is formed with relatively less
neutron numbers as compared to that needed for the extra
stability due to the shell effects.
Theoretically, there have been many attempts to un-
derstand the reaction mechanism leading to the formation
of the super heavy nuclei [17–23]. Based upon the var-
ious theoretical formalisms, different reaction routes for
the synthesis of super heavy nuclei have been proposed
[24–29]. The main considerations in selecting a reaction
channel for producing super-heavy nuclei are the follow-
ing:
1. Large fusion cross section.
2. Low excitation energy of CN for optimum survival
probability.
3. Proper neutron-to-proton ratio (n/p) of CN for better
stability.
4. High beam intensity and target concentration for
good yield.
One of the main reasons for poor success of the experi-
ments is that the reaction |Q|-value is much lower than (for
‘hot-fusion’), or similar to (for ‘cold-fusion’) the Coulomb
barrier (VCoul) of the fusing target and projectile nuclei.
Hence, at beam energies just above Coulomb barrier, the
CN is formed with high excitation energy which is already
larger than the neutron emission threshold. For exam-
ple, for 48Ca + 249Cf [(Z,A)CN = (118, 297)], Q= -174.48
MeV, VCoul = 205.4 MeV and for
76Ge + 208Pb [(Z,A)CN
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Table 1: Relevant data for the new reaction routes using the rare-earth nuclei.
Reaction ZPZT g.s. deformations Q- Value VCoul Sn
(ZCN ACN) (Projectile, Target) (MeV) (MeV) (MeV)
154Sm + 150Nd 3720 (0.27, 0.24) -377.5 373.9 7.1
(122, 304)
154Sm + 154Sm 3844 (0.27, 0.27) -394.9 385.5 7.1
(124, 308)
160Gd + 154Sm 3968 (0.28, 0.27) -412.2 396.2 7.3
(126, 314)
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Fig. 1: (Color online) (a) Sticking cross section at two different Ec.m. values as a function of ZPZT for the reactions discussed
in the present work. Solid circles are for Ec.m. values for which EX =10 MeV and squares are for Ec.m. = VCoul, corresponding
center-of-mass energies as a function of ZPZT in (b). The lines in (a) and (b) are shown to guide the eye.
= (114, 284)], Q= -260.25 MeV, VCoul = 272.1 MeV. Sim-
ilar is the case for other target-projectile combinations of
hot- and cold-fusion reactions being used for the SHE syn-
thesis.
As mentioned above, the cross-sections for SHE pro-
duction have been found to be in the range of only a few
picobarn or less in the experiments carried out so far. Re-
cent reviews [20, 30–32] have emphasized on radioactive-
ion-beam routes for producing ZCN ≥ 120. In order to
have better survival probability, radioactive neutron rich
beams ( 96Sr, 132Sn) are being suggested to reach a more
suitable neutron/ proton combination. However, these re-
actions will have severe limitation on beam intensity.
Symmetric heavy-ion collisions using rare-earth
nuclei. – There have been some attempts using nearly
symmetric collisions such as 136Xe + 136Xe to synthesize
Hs nuclei for which upper limit of the production cross
section was obtained to be 4 picobarn [33]. The symmet-
ric collisions using deformed projectile and target nuclei
have also been suggested earlier [26–28] to synthesize su-
per heavy nuclei. For 149La + 149La collision to produce
Z=114 nuclei, the upper limit of cross section was esti-
mated from theoretical consideration to be around 10 pi-
cobarn [29]. However, there is no experimental data avail-
able for this system. In the following, we revisit the near
symmetric collisions involving rare-earth nuclei that might
prove useful for synthesis of cold super-heavy nuclei.
Table 1 shows some relevant data such as the ZPZT
value, ground state (g.s.) deformations of projectile and
target nuclei (from Ref. [34]), the fusion Q-value, VCoul
and the neutron separation energy (Sn) for certain reac-
tion routes using rare-earth nuclei fusion channels. The Q
and Sn values are calculated using the predicted masses by
Mo¨ller and Nix [34]. The VCoul values are taken from the
NRV code [35] which are consistent with the parameteri-
zations of mean value of the barrier distribution given in
Ref. [21]. In addition to the reactions shown in the Table
1, many more fusion reaction channels are feasible using
other different rare-earth target/ projectile combinations.
The advantages that these reactions offer are:
1. VCoul < |Q| value.
2. Large g.s. deformations of both target and projectile
nuclei that might enhance near barrier fusion cross
section by channel coupling and lowering of fusion
barrier, Bfus.
p-2
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Fig. 2: (Color online) Diffusion probability as a function of
barrier height, H opposing fusion along the asymmetric fission
valley, as seen from the injection point. Different lines corre-
spond to the different temperature values (see text).
3. Good n/p ratio of CN.
4. Stable beams for large beam intensity.
5. Large elemental abundances of rare-earth elements.
6. Large center-of-mass velocity for better collection of
CN residues in forward direction.
7. Low neutron background at optimum low bombard-
ing energy.
For example, in case of 160Gd + 154Sm reaction, the CN
is (126, 314) where VCoul is 16 MeV lower than the energy
required (|Q|-value) for initiating the reaction. With op-
timum above barrier bombarding energy, the CN can be
produced with relatively low excitation energy.
Theoretical estimates. – We will now describe
some method to calculate the fusion/survival probability
of the above rare-earth reaction channels. One expects
that due to large ZPZT product, fusion will be largely
hindered. However, for deformed nuclei there is no clear
cut understanding of the fusion hindrance (except the ex-
tra push effects suggested by W. Swiatecki [36,37]). There
are calculations reported in literature, where only target
deformation is considered [22]. We discuss below the basic
method to have approximate estimates for the formation
cross section of the super-heavy nuclei using rare-earth
nuclear collisions.
In case of heavy colliding systems typically used for
super-heavy mass-region, overcoming the Coulomb bar-
rier is not enough to form the super-heavy compound nu-
cleus. There are two avenues for estimating the compound
nuclear formation cross section for heavy colliding nuclei
similar to the ones discussed in the present article. These
are: (i) extra-extra push model [36, 37] and (ii) Fusion by
Diffusion model (FBD) [18]. According to the extra-extra-
push model, an extra energy (‘extra-extra-push’) with re-
spect to the Coulomb barrier is needed to land inside the
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Fig. 3: The injection parameter (sinj) as a function of (Ec.m.−
B0) taken from Ref. [21]). The solid line is the least square
linear fit, sinj = 1.5985 − 0.23587(Ec.m. −B0) fm/MeV.
unconditional saddle point which guards the colliding sys-
tem against re-separation before forming the compound
nucleus. The ‘extra-extra-push’ energy increases rapidly
with effective fissility, given by [37];
χeff =
(Z2/A)eff
(Z2/A)crit
(1)
For the present reactions where deformed projectile and
target nuclei are considered, due to broad Coulomb barrier
distribution, a large amount of ‘extra-extra-push’ energy
could be available (∼100 MeV) at very low probability for
certain orientations of the colliding deformed nuclei. How-
ever, the entrance channel barrier distributions for these
kind of heavy deformed nuclei with inclusion of dynamical
effects are not easily calculable.
On the other hand, the FBD model has been success-
fully employed in reproducing the measured excitation
function of the super-heavy element synthesis [18]. A set
of twelve fusion reactions has been analyzed with the orig-
inal version of the FBD model by Swiatecki et al. [18].
With the improved version of the FBD model, the exper-
imental excitation functions of a complete set of 27 cold
fusion reactions have been reproduced by Cap et al. [21].
In the FBD model, the evaporation residue cross section
σER for production of a given final nucleus in its ground
state is factorized as the product of the partial sticking
cross-section σstick(ℓ), the diffusion probability PDiffus(ℓ),
and the survival probability Psurv(ℓ) [21]:
σER =
∞∑
ℓ=0
σstick(ℓ)PDiffus(ℓ)Psurv(ℓ) (2)
=
πh¯2
2µEc.m.
ℓmax∑
ℓ=0
(2ℓ+ 1)PDiffus(ℓ)Psurv(ℓ) (3)
By replacing the summation in above equation by an in-
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Fig. 4: (Color online) The barrier height (H) as a function of
ZPZT of the present reactions at various values of injection
parameter (sinj).
tegral, one obtains the sticking cross section as:
σstick =
πh¯2
2µEc.m.
(ℓmax + 1)
2 (4)
where ℓmax is determined by the “diffused barrier formula”
based on assumption of Gaussian distribution of the bar-
riers around a mean value B0 (see Ref. [21] for details).
The sticking cross sections determined for the present re-
actions are shown in the Fig. 1 (a) as a function of ZPZT
at two center-of-mass energies: (i) Ec.m. = VCoul and (ii)
Ec.m. values for which initial excitation energy of the CN,
EX =10 MeV. Corresponding center-of-mass energies as a
function of ZPZT are shown in the Fig. 1 (b). The differ-
ence between the Ec.m. values for Ec.m. = VCoul and EX
=10 MeV increases with ZPZT which is reflected in the
behavior of sticking cross section as a function of ZPZT .
The lines in Fig. 1 (a) and (b) are shown to guide the eye.
In the FBD model, the probability (PDiffus) that the sys-
tem injected at a point outside the saddle point achieves
fusion is calculated using the diffusion process over a
parabolic barrier [18]. If L stands for the total length
of di-nuclear shape, the parameter s is defined as s =
L−2(R1+R2). In the entrance channel of two approaching
nuclei, s = 0 would correspond to contact of half density
contours. The diffusion probability PDiffus is then given
by [18, 21]:
PDiffus =
1
2
(
1− erf
√
H/T
)
(5)
where H is barrier height opposing fusion along the asym-
metric fission valley, as seen from the injection point (sinj)
and T is the temperature of the fusing system. The diffu-
sion probability as a function of barrier height, H at dif-
ferent T values is shown in Fig. 2. It is seen from Fig. 2
that the diffusion probability decreases very rapidly (de-
pending on T ) with increasing barrier height H . At a
given H , PDiffus is larger for higher temperature.
The macroscopic deformation energies are calculated as
a function of the parameter s using the improved version
of algebraic equations [21]. In order to estimate the barrier
height, H , sinj is a crucial parameter. In the FBD model
this parameter sinj is a free parameter which is adjusted
to reproduce the measured fusion cross section. In the
work by Cap et al. [21], sinj has been deduced for 27 cold
fusion reactions including GSI, LBNL and RIKEN data.
In that work, the sinj values are plotted as a function of
the excess of kinetic energy above the Coulomb barrier,
Ec.m. − B0, where B0 is the mean value of the Coulomb
barrier (VCoul). The overall trend of sinj is of decreasing
nature with increasing Ec.m.−B0. It is seen from Ref. [21]
that except the GSI data, all other data are scattered. For
the purpose of present reactions, sinj values for GSI data
(from Ref. [21]) are considered and a linear least-square
fit is obtained as shown in Fig. 3, given by:
sinj = 1.5985− 0.23587(Ec.m.−B0) fm/MeV. (6)
Since the present projectile-target nuclei are deformed
ones, the fusion barrier distribution is expected to be quite
broad [38]. Even at EX < 8 MeV, a large fraction of
the barrier distribution will have (Ec.m. −B0) > 30 MeV,
which will lead to sinj ∼ -5 fm as reflected from Fig. 3. For
the present reactions, the barrier height, H is calculated
at sinj = -5, -4, and -3 fm as shown in Fig. 4 using the
algebraic equations of macroscopic energies from Ref. [21].
It is seen from Fig. 4 that the value of H increases with
ZPZT and it is lower for smaller value of sinj . At sinj
= -4 fm, H value is around 5.5±1.5 MeV for all three
reactions considered in the present work (see Table 1). In
the estimation of the diffusion probability using Eq. 5,
the parameters H and T are crucial. At the excitation
energy EX <8 MeV, the temperature T is expected to be
<1.0 MeV but definitely >0.5 MeV. Fig. 2 indicates that
at H = 5 ± 1.5 MeV the diffusion probability will be in
between of 10−6 and 10−3 for 0.5 MeV ≤ T ≤ 1.0 MeV.
Using Eq. (2) and Fig. 1 it appears that for the present
reactions, lower limit of σstick × PDiffus is ∼ 10
−7 barn.
Present reactions using the rare-earth nuclei offers a gain
factor of the order of ∼ 104 for σstick × PDiffus over the
reactions of cold fusion, as can be seen from Fig. 2 of Ref.
[18].
As far as survival probability (Psurv) is concerned, in
cold fusion reactions when only one neutron is emitted
from the compound nucleus, the Psurv is the product of
probability to emit a neutron rather than fission in the
first stage of de-excitation process times the probability
P< that the excitation energy (after the emission of neu-
tron) is less than the threshold for second chance fission
or second neutron emission:
Psurv =
Γn
Γn + Γf
P< (7)
where Γn and Γf are the partial decay widths for first
chance neutron emission and fission, respectively. Psurv
p-4
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Fig. 5: (Color online) Survival probability (Psurv) as derived from Fig. 2 of Ref. [18] as a function of (a) atomic number and
(b) corresponding fission barrier of the compound nucleus (see text). The horizontal bars in each panel are drawn to indicate
the range of Psurv from 0.2×10
−4 to 6×10−4.
is expected to be influenced by the properties of the CN
such as its ground state mass, its fission barrier, excitation
energy, neutron separation energy, shell effects and the
level density [18]. As mentioned earlier, a set of cold fusion
reactions with 208Pb and 209Bi targets has been analyzed
with FBD model by Swiatecki et al. [18]. From their work
(Fig. 2 of Ref. [18]), we have derived the value of Psurv
for the elements with atomic numbers Z=104 to 119 which
are seen to lie in a narrow range of 0.2×10−4 to 6×10−4.
In Fig. 5(a), we show the values of Psurv as a function
of Z of the compound nucleus. The fission barriers for
these compound nuclei vary from 5.5 to 9 MeV [39]. In
Fig. 5(b), we have plotted the value of Psurv against the
fission barrier taken from Ref. [39]. It is seen from Figs.
5(a) and (b) that the survival probability has a very weak
dependence on the properties of compound nucleus in case
of cold fusion reactions (for Z=104-119).
The values of Psurv can differ in other mass regions, in
particular if regions with shell closures are entered like is
the case in the present work. For the present reactions it
will be larger than cold as well as hot fusion reactions due
to following reasons: (i) initial excitation energies can be
tuned to be very small (∼8 MeV). Therefore, shell effects
are expected to be more prominent and (ii) good n/p ratio
required for the stability of the super-heavy elements.
The fission barriers for Z ≥ 120 have been calculated by
different authors of Refs. [39–41] and are seen to be vary-
ing widely between 2 to 8 MeV depending on the model
parameters used in their work. However, since the value
of Psurv for the cold fusion reactions (for Z=104-119) cor-
responding to the excitation energy range of 10 to 15 MeV
(below 2n threshold) is not sensitive to the value of fission
barrier, we consider a lower limit of 10−4 for the survival
probability for all the systems considered in the present
work. Using this value of Psurv and PDiffus to be 10
−6, the
lower limit of final cross sections for the synthesis of super-
heavy nuclei for the present systems having Z ≥ 120 is ar-
rived to be in the range of 1.7×10−11 barn to 3.0 ×10−11
(see Fig. 1) . Even if we allow some uncertainties in the
parameter values, the results seem to be quite encourag-
ing. Present work suggests it to be definitely worth for
experimental investigations using rare-earth nuclear col-
lisions. It is also necessary to carry out full microscopic
calculations to understand the fusion mechanism for these
heavy systems.
Summary. – In the present work, we have made a
case for the use of rare-earth projectile and target nuclei
to produce super-heavy nuclei in the range of Z ∼120
and above using cold fusion reactions. The advantages
offered by these near symmetric collisions have been out-
lined. The cross sections for production of the super-heavy
nuclei in these collisions have been estimated within the
framework of the Fusion by Diffusion model with empir-
ically derived parameter values and are seen to be quite
encouraging. It is, however, necessary to carry out experi-
ments to explore these possibilities of using rare-earth nu-
clei in cold fusion reactions for production of super-heavy
elements.
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